Background: Hypertension and albuminuria often coexist in Greyhounds, suggesting generalized vascular dysfunction that could contribute to the development of a variety of diseases in this breed. Eicosanoid metabolites of arachidonic acid (AA) mediate endothelial function, vascular reactivity, and proteinuria in humans and in rodent models.
G
reyhounds have an increased prevalence of conditions in which vascular dysfunction is part of disease pathogenesis. Greyhounds are predisposed to ischemic stroke and have an increased prevalence of postsurgical bleeding unassociated with apparent primary or secondary hemostatic defects. 1, 2 Cutaneous and renal glomerular vasculopathy (CRGV) in Greyhounds is a form of thrombotic microangiopathy characterized by initial vascular lesions that include endothelial cell swelling, detachment, and microthrombosis. 3 Interestingly, kidney disease accounts for approximately 8% of deaths in retired racing Greyhounds, with proteinuria and hypertension being common. 4, 5 Vascular dysfunction is characterized by impaired vasomotor response, increased vascular permeability, endothelial cell proliferation, inflammation, and platelet adhesion and aggregation. 6 Hypertension and loss of glomerular permselectivity are recognized manifesta- tions of generalized endothelial dysfunction in people and are predictors of increased risk for cardiovascular dysfunction, progressive renal disease, ischemic heart disease, stroke, and thrombotic microangiopathy. [7] [8] [9] [10] In dogs, hypertension and albuminuria simultaneously can occur with a variety of diseases, and albuminuria is a marker of glomerular disease, 11 whereas, hypertension could be both as a consequence and cause of kidney dysfunction.
12-14 Greyhounds have higher blood pressures [15] [16] [17] [18] and exhibit a tendency to develop albuminuria, 5 consistent with generalized vascular dysfunction. Given these potentially vascular-associated abnormalities in Greyhounds, altered baseline concentrations of vasoactive or vasoprotective mediators should be considered as possible predisposing factors to vascularbased diseases in this breed.
Arachidonic acid (AA) metabolites modulate endothelial function and vascular reactivity in naturally occurring human cardiovascular and renal diseases and their corresponding rodent models. Epoxyeicosatrienoic acids (EET) are synthesized from AA by endothelial cytochrome P450 (CYP450) expoxygenases.
19,20 Dihydroxyeicosatrienoic acids (DHET) are in turn produced when EETs are hydrolyzed by soluble epoxide hydrolase (sEH) (Fig 1) . 19, 20 EETs have vasoprotective properties, including vasodilatory, antihypertensive, anti-inflammatory, proangiogenic, and renoprotective effects, whereas DHETs are less protective. 19 An alternative CYP450 hydrolase pathway produces 20-hydroxyeicosatetraenoic acid (20(S)HETE), a potent vasoconstrictor, regulator of glomerular function and prohypertensive agent. 20 AA also can be metabolized by lipoxygenase pathways, resulting in the production of additional HETE isomers, which are vasoconstrictive and proinflammatory, and have been implicated in renal and cerebrovascular disease and the development of colon, prostate, and lung cancer. 21, 22 Little information regarding AA metabolic pathways exist in the Greyhound; however, slower drug metabolism in Greyhounds might relate to breed specific differences in CYP450 activity. 23, 24 The objectives of this study were to evaluate AA metabolic products, blood pressure, and urine albumin concentration in a group of retired, nonracing Greyhounds versus a control group of non-Greyhound dogs enrolled in a blood donor program. We hypothesized that the eicosanoid metabolite profile of Greyhounds would be consistent with a shift away from vasoprotective metabolites. Higher concentrations of AA metabolites associated with inflammation, endothelial dysfunction, hypertension, and proteinuria could partially explain the predisposition to develop diseases associated with vascular dysfunction observed in the breed.
Materials and Methods
The study was conducted in accordance with the guidelines of the Animal Care and Use Committee of The Ohio State University and with informed consent of the owners. Dogs consecutively enrolled in The Ohio State University Veterinary Medical Center Animal Blood Bank donor program over a 2-month period were eligible for inclusion. Eligibility for the blood donor program was limited to dogs between 1 and 7 years of age, weighing >25.0 kg, and which tested negative for blood-borne diseases; dogs were excluded if they had ever received a blood transfusion. No attempt was made to control for diet. Owners were instructed to fast dogs for 12 hours before evaluation. All dogs underwent complete physical exams, CBC a with a manual differential white blood cell count, serum biochemistry profile, b and urinalyses. Dogs were excluded if any clinically relevant abnormalities were detected or if insufficient volume of blood or urine was collected for all required tests. 
Blood Pressure Measurement
Dogs were acclimated to the clinic environment for a minimum of 5 minutes before performing blood pressure measurement, and measurements were taken before physical examination or other sample collection. Measurements were obtained with dogs lightly restrained in right lateral recumbency using an oscillometric blood pressure monitor c with a cuff size approximately 40% of limb circumference on the left pelvic limb, as previously reported. 25 Blood pressure values were determined by averaging 5 systolic (SP), diastolic, and mean arterial oscillometric blood pressure readings.
Urine Collection and Evaluation
Midstream voided urine samples were collected after blood pressure measurement. A minimum of 7 mL were required for analysis. Routine urinalysis was first performed on 1-mL aliquots; dogs were excluded from study enrollment if >3 leukocytes or >3 red blood cells per high-power field were noted on sediment examination. The remaining 6 mL of urine were centrifuged to remove sediment and frozen at À80°C. Urine albumin concentration was determined by a commercial laboratory. 
Blood Collection and Eicosanoid Analysis
Six milliliter of lithium heparin anticoagulated blood was collected by jugular venipuncture with a butterfly catheter for AA metabolite assays. Blood tubes were placed on ice immediately after collection, and plasma separated within 1 hour of collection. All plasma samples were stored at À80°C until time of analysis.
Plasma eicosanoid concentrations were measured by liquid chromatography/electrospray ionization mass spectrometry (LC/ ESI/MS) e as previously described. [26] [27] [28] Dog plasma (200 lL) was added to 700 lL of buffer (0.1 M NaH 2 PO 4 , 0.9% NaCl, 2.5 mM deferoxamine, pH 5) plus 100 lL of 0.1% butylated hydroxytoluene, then spiked with a deuterated internal standard (0.5 ng/ lL 9 10 lL). The samples were extracted by the Bligh-Dyer technique, dried under a stream of nitrogen, and reconstituted in 100-lL ethanol. A binary system set at a flow rate of 0.3 mL/min executed a gradient elution with 8.3 mM acetic acid, pH 5.7 with ammonium hydroxide (mobile phase A), and acetonitrile:2-propanol (50 : 50) (mobile phase B) as follows: 3 minutes hold at 15% B, 10 minutes linear to 55% B, 15 minutes linear to 80% B, 5 minutes wash at 100% B, 7 minutes re-equilibration at 15% B on a Zorbax SB-C18 Narrow Bore column (2.1 9 100 mm, 5 micron) with a corresponding guard column at 40°C. The injection volume was 20 lL. Analysis was performed using multiple reaction monitoring (MRM). Individual calibration curves were generated for each analyte, and sample concentrations quantified by calculations from an external standard curve ranging from 0 to 2 ng/lL.
Metabolites measured included EET and DHET isomers, leukotrienes (B4, C4, D4, E4), lipoxin A4, prostaglandins (F2-a, E2, and D2), thromboxane B2, 8-iso-prostaglandin F2-a, hydroxyoctadecadienoic acids (9S-and 13(S)Hode), and hydroxyeicosatetraenoic acids (5(S)-, 8(S)-, 9(S)-, 11(S)-, 12(S)-, 15(S)-, and 20(S) HETE). A positive control standard solution was prepared containing all analytes at a concentration of 1 ng/lL in ethanol. Calibration standards were prepared at a range of 0.0-2.0 ng/lL. Similarly, a mixed deuterated internal standard was prepared at 0.5 ng/lL in ethanol, and was spiked into both samples and standards for a final concentration of 0.05 ng/lL. The limit of quantitation was 0.05 pmol/mL. Recovery based on spiking with deuterated arachidonic acid in plasma was 88%. Recovery for other metabolites in the internal standard mixture were as follows: TXB2-d4 60.55%, PGF2a-d4 97.97%, PGD2-d4 84.42%, LTB4-d4 66.7%, 5(S)HETE-d8 66.36%, 13(S)Hode-d4 70.36%, 5,6DHET-d11 64.84%, and 5,6EET-d11 88.33%. Intra-assay reproducibility coefficient of variations ranged from 7.1 to 11.7% and interassay reproducibility ranged from 11.4 to 15.7%.
Statistical Analysis
Statistical analyses were performed using commercial software. f Normality for each analyte was evaluated by the Shapiro-Wilk test. Groups were compared by t-test and data expressed as mean AE SD for normally distributed data. Nonparametric data were compared by Mann-Whitney test and data are expressed as median and range. The Benjamini-Hochberg procedure was used to control for false positives with multiple tests from a single sample using a false discovery rate of 10%, resulting in P < .033 considered significant for AA metabolites. 29 Statistical significance was set at P < .05 for all other comparisons. Spearman rank correlations (r s ) were used to examine associations between AA metabolites and either SP or urine albumin concentration.
Results
Forty-four dogs were evaluated for possible inclusion in this study. Two non-Greyhound dogs were excluded because of leukocytes in the urine sediment. One Greyhound and 1 non-Greyhound dog were excluded because of failure to collect urine. The final study population of 40 dogs consisted of 20 Greyhounds and 20 non-Greyhound dogs. The 20 Greyhounds included 10 spayed females and 10 neutered males. The 20 non-Greyhound dogs included 15 mixed breed and 5 purebred dogs (2 Boxers, 1 Standard Poodle, 1 German Shepherd, and 1 Great Dane) of which 8 were spayed females and 12 were neutered males. There was no significant difference in mean age between the 2 groups (Greyhounds, 5.3 AE 1.6 years, range 3-8 years; non-Greyhounds 3.8 AE 1.6 years, range 1-7 years; P = .066).
SP was significantly higher in Greyhounds compared to non-Greyhounds (152 AE 14 versus 143 AE 11 mmHg, respectively, P = .030). There was no significant difference in diastolic blood pressure (Greyhounds, 87.5 AE 13.2 mmHg; non-Greyhounds, 88.4 AE 10.2 mmHg; P = .816) or mean arterial pressure (Greyhounds, 107.6 AE 12.3 mmHg; non-Greyhounds, 106.0 AE 10.1 mmHg; P = .656) between the 2 groups. Median urine albumin concentration was significantly greater in Greyhounds than in non-Greyhounds (Fig 2, P = .006) . Ten of 20 (50%) Greyhounds (6 males and 4 females) had urine albumin concentrations greater than 1.0 mg/dL, whereas only 2 of 20 (10%) non-Greyhounds had urine albumin concentrations greater than 1.0 mg/dL.
Greyhounds had significantly higher levels of the following AA metabolites than non-Greyhounds: 5(S) HETE (P = .033), 8(S)HETE (P = .002), 9(S)HETE (P = .026), 12(S)HETE (P = .022), 8,9DHET (P = .004), 8,9DHET/EET (P = .016), 11,12DHET (P = .004), 14,15DHET (P = .028), 14,15EET (P = .005), and Total DHET (0.005) (Figs 3, 4 ). There were no significant differences between groups for the other measured metabolites (Table 1 ). Urinary albumin concentration was correlated with total DHET (r s = 0.46, P = .003). There was a weak inverse correlation between 8,9EET and SP (r s = À0.49, P = .001). SP was positively correlated with 11,12EET (r s = 0.42, P = .006) and 20(S)HETE (r s = 0.38, P = .017).
Discussion
Endothelial dysfunction is characterized by impaired vasomotor response, cell proliferation, platelet aggregation, altered vascular permeability, and interactions between leukocytes and endothelial cells that contribute to vascular inflammation. 6, 7 Both hypertension and albuminuria are considered indicators of generalized vascular dysfunction and risk markers for development of renal and cardiovascular disease. 6, 7 Similar to previous reports, the Greyhounds in this study had higher SP and urinary albumin concentrations compared to the non-Greyhound dogs. 5, 18 Previous studies have reported that Greyhounds have SP of 10-20 mmHg higher on average than that of mixed breed dogs, [15] [16] [17] [18] which is similar to the approximate 9 mmHg difference observed in the Greyhounds in this study. Hypertension has been linked to target organ damage in dogs, and has been suggested to contribute to stroke 2 and albuminuria 5 in Greyhounds. High SP was associated with more severe proteinuria and renal histologic lesions in dogs with surgically induced renal failure 30 and with naturally occurring chronic kidney disease. 31 While not directly correlated with SP, 50% of the Greyhounds in this study had urinary albumin concentrations >1.0 mg/dL and 10% had concentrations >2.5 mg/dL, considered to be significant albuminuria. This is in contrast to the non-Greyhound dogs in which 90% had urine albumin concentrations <1.0 mg/dL and none exceeded 2.5 mg/dL. The Greyhounds tended to be older than the non-Greyhounds, which could contribute to these findings. However, taken together, the presence of both higher blood pressure and albuminuria in Greyhounds compared to non-Greyhounds is consistent with alterations in vascular function in the breed.
Certain AA metabolites have been increasingly associated with endothelial health and dysfunction. EETs, products of CYP450 expoxygenases, have been shown to mitigate endothelial dysfunction by promoting vasodilation, inhibiting platelet aggregation, and having anti-inflammatory and antiapoptotic effects in vivo. 19, 20 Activity of sEH, which hydrolyzes EETs to their less protective diols (DHETs), is associated with higher blood pressures and loss of vasoprotective effects. Alterations in the relative proportions of EETs and DHETs can result from CYP450-mediated production of EETs or conversion of EETs to DHETs by sEH. There is some evidence that Greyhounds differ from other dog breeds in activity of some CYP450 enzymes. Greyhounds exhibit slower drug clearance and longer anesthetic recovery times compared to other dog breeds, consistent with lower activity of some hepatic CYP450 hydrolases. 32, 33 The concentrations of 5,6-, 8,9-, and 11,12EETs were similar and 14,15EET was increased in Greyhounds compared to non-Greyhounds. This suggests that there was either no difference or possibly an increase in CYP450 epoxygenase-mediated production of these EET isomers in the Greyhounds versus nonGreyhounds. That Greyhounds were found to have significantly higher levels of multiple DHET regioisomers suggests that they have increased activity of sEH.
Deletion of the gene that encodes for sEH (Ephx2) or inhibition of sEH decreases blood pressure, attenuates renal inflammation, and helps prevent glomerular injury in rodent models. [34] [35] [36] It has been suggested that inhibitors of sEH could offer a novel approach for the treatment of hypertension and end-stage renal disease in people. By decreasing hydrolysis of EETs to their less active diols, sEH inhibitors reduce vasoconstriction and thus decrease renin-angiotensin II-aldosterone-dependent hypertension. 37 Increasing the ratio of EETs to their less active diols could offer a new strategy for promoting cardiovascular health and reducing the progression of renal disease in dogs with comparatively lower EETs/DHETs ratios, clinical hypertension, and albuminuria. Further study is needed to determine whether there is a significant difference in sEH activity between Greyhounds and non-Greyhound dogs. Given the higher levels of DHETs, treatment with sEH inhibitors could be of benefit in ameliorating hypertension, albuminuria, and development of renal disease in this breed.
20(S)HETE is a product of CYP450 hydrolase metabolism of AA and is recognized as a potent vasoconstrictor that plays a role in maintenance of hypertension and albuminuria in rodent models and humans. 20 While Greyhounds did not differ in the amount of 20(S)HETE compared to non-Greyhound dogs, 20(S)HETE did correlate with SP. Further study is needed to evaluate the role of this metabolite in the development of hypertension and vascular disease in the dog.
Our results also indicate that Greyhounds have higher levels of certain regioisomers of HETEs than non-Greyhounds, which could contribute to vascular dysfunction through a variety of mechanisms. Inhibition of vasodilatory prostaglandin production by 5(S) HETE, 12(S) HETE, and 15(S)HETE results in vasoconstriction 38 and 12(S) HETE specifically produces vasoconstriction in isolated dog renal arcuate arteries. 39 12(S)HETE has been shown to mediate the hypertrophic effects of angiotensin II, to have direct growthpromoting effects, to increase levels of fibronectin, and to induce inflammatory cell chemotaxis. 40 15(S)HETE has been implicated in vascular wall remodeling through stimulation of smooth muscle migration and neointima formation. 41 Thus, 9(S)HETE, 12(S)HETE, and 15(S) HETE are thought to play a role in the development of vascular inflammation and atherosclerosis in people. 42 Increased production of 12(S)HETE has been suggested as an early predictor for development of albuminuria in diabetic people with incipient renal disease. 43 In order to determine a direct cause and effect relationship between the various HETE isomers, albuminuria, hypertension, and vascular disease in Greyhounds, a prospective study would be needed to evaluate the CRGV is a thrombotic microangiopathy of Greyhounds that was identified as early as 1985. 44 The pathogenesis of CRGV is incompletely understood; however, administration of Shiga toxin to Greyhounds can reproduce the vascular lesions. 45 Alterations in vascular AA metabolism have been suggested in hemolytic uremic syndrome (HUS) and in response to Shiga toxin. [46] [47] [48] Shiga toxin increases production of 12(S) HETE by rat glomerular endothelial cells. Treatment of glomerular endothelial cells with either Shiga toxin or with 12(S)HETE alone mimics early endothelial changes observed in HUS and CRGV, including endothelial cell retraction and decreased cell adherence to fibronectin and laminin. 48 In our study, Greyhounds were found to have increased plasma concentration of 12(S)HETE compared to non-Greyhound dogs. Further studies will be needed to determine if increased production of 12(S) HETE plays a role in vasculopathies such as HUS or CRGV in Greyhounds.
The role of angiogenesis and endothelial function is recognized in the development and metastasis of tumors. 21, 22 Lord et al. reported a high incidence of cancer in Greyhounds, the reasons for which are probably multifactorial. 4 Some HETE isomers such as 5(S) HETE, 8(S)HETE, and 12(S)HETE have been implicated in promoting tumorigenesis and metastasis. 21, 49, 50 Further research is needed to determine if these HETE isomers have similar actions in dogs to those observed in humans and rodent models and if altered production of AA metabolites might be implicated in carcinogenesis in Greyhounds.
In conclusion, the plasma eicosanoid profile in Greyhounds differs from non-Greyhound dogs and is consistent with profiles seen in association with vascular dysfunction, hypertension, albuminuria, and renal disease in humans and in rodent models. Further study is needed to evaluate activity and regulation of specific enzyme pathways involved in the metabolism of AA in Greyhounds compared to non-Greyhound dogs. This might define early markers that could help predict development of albuminuria, hypertension, and vascular disease. Use of inhibitors of either the sEH or LOX pathways might provide targeted therapeutic options for treatment in the Greyhound breed. 
